OA 2016, 'Expansion of bone marrow adipose tissue during caloric restriction is associated with increased circulating glucocorticoids and not with hypoleptinemia. ', Endocrinology, vol. 157, no. 2, 26696121, pp. 508-521. https://doi.
INTRODUCTION

Immunoblot analysis
To detect total adiponectin in sera, samples were reduced and denatured by mixing with 4X SDS loading 181 buffer, incubating at 95 ºC for 5 min, and cooling on ice for 1 min before separating by SDS-PAGE, as 182 described previously (40) . To isolate total protein, tissues were first pulverized in liquid nitrogen using a 183 pestle and mortar. Pulverized tissues were then mixed with lysis buffer (1% SDS, 12.7 mM EDTA, 60 184 mM Tris-HCl; pH 6.8) heated to 95 ºC, and homogenized by sequential passaging through 21-gauge and 185 26-gauge needles. Lysates were then centrifuged at 20,000 RCF for 15 min at 4 ºC, lipid layers were 186 discarded and supernatants transferred to fresh tubes and stored at -80 ºC. Protein concentration in tissue 187 lysates was estimated using the BCA protein assay (Thermo Scientific, Waltham, MA, USA). SDS-PAGE 188 and immunoblotting of tissue lysates was done as described previously (39) . Mouse monoclonal anti-189 adiponectin (MA1-054) and rat monoclonal anti-α-tubulin (MA1-80017) were from Thermo Scientific. 190 Mouse monoclonal anti-perilipin A (#4854) was from Vala Sciences (San Diego, CA, USA). 191 192 Isolation of BM, MAT, or RM 193 To visualize the spatial distribution of MAT and red marrow (RM) in situ, humeri, tibiae, and femurs 194 were longitudinally bisected using a Dremel rotary tool with a #409 cutoff wheel (Robert Bosch Tool 195 Marrow fat expansion during caloric restriction ! 10 Corporation, Addison, IL, USA); a constant drip of sterile USP-grade water was used during cutting to 196 prevent overheating. MAT or RM was then removed using a stainless steel spatula. To isolate MAT from 197 radii or ulnae, epiphyses were removed by lateral incisions with the Dremel tool, thereby allowing access 198 to the marrow cavity. BM was then extruded by first tracing the perimeter of the marrow cavity with a 2-199 inch, 21-gauge needle, and subsequently scraping the BM out using a stainless steel spatula.
201
Triacylglycerol content of rabbit femoral BM 202 One femur of each rabbit was bisected and whole BM removed. BM plugs were then frozen on dry ice 203 before cryopulverization in liquid nitrogen using a pestle and mortar. Total lipid was then extracted from 204 ~56 mg of each sample using the Folch method (41) as follows: 1), in a glass vial, mix sample with 1 mL 205 methanol and dissolve by sonication for 4 x 5 min, vortexing between each sonication; 2), mix 0.5 mL of 206 tissue/methanol homogenate with 1 mL chloroform and vortex for 30 seconds; 3), add 0.5 mL of 0.1N
207
HCl and vortex the vial to mix; 4), centrifuge for 10 min at 500 RCF; 5) remove the top layer and the 208 protein/debris interphase carefully by aspiration under mild vacuum; 6), wash the lower organic layer by 209 adding 0.5mL of 50% methanol and vortex to mix; 7), centrifuge for 3 min at 12,000 RCF; 8), discard 210 upper layer using vacuum aspirator; 9), repeat steps 6-8; 10), transfer 0.3 mL of each sample to a new 211 glass vial and evaporate solvent using nitrogen gas; 11), re-suspend the remaining lipid in 100 µL 212 chloroform. These lipid samples were then separated by thin layer chromatography on a silica gel plate; 213 the triacylglycerol bands were then identified and excised. This portion was then extracted from the silica 214 gel and resuspended in 500 µL of 68% ethanol (357 µL of 95% ethanol, plus 143 µL of isotonic saline).
215
The triacylglycerol concentration in 20 µL of each sample was then determined using the Triglyceride 216 Determination Kit (Sigma Aldrich) based on the manufacturer's instructions.
218
Histology and analysis of adipocyte morphology 219 Intact pieces of WAT, MAT, and RM were fixed in 10% neutral-buffered formalin, paraffin-embedded, 220 sectioned, and stained with H&E prior to determination of adipocyte size distribution, as described previously (42) . Analysis of MAT and RM was done without reference to the directionality or orientation 222 within the bone.
224
Osmium tetroxide staining 225 Mouse tibiae were stained with osmium tetroxide (Electron Microscopy Sciences #19170) and MAT was 226 then visualized by µCT, as described previously (2). MAT volume in distinct tibial regions was then 227 quantified and is presented relative to total tibial marrow volume, as described previously (43 Our recent work reveals that in mice, CR-associated hyperadiponectinemia is blunted when MAT 281 expansion is impaired (2). Therefore, the lack of hyperadiponectinemia observed above suggests that
282
MAT expansion might be limited or absent during moderate CR in rabbits. To address this possibility, we 283 bisected bones of these animals and characterized BM adiposity. The BM of each group appeared grossly 284 similar, with no differences in the amount of fatty yellow marrow in humeri and femurs ( Fig. 2A-B Fig. 2H ). This suggests depot-specific variation in MAT responsiveness to CR. Indeed, in 299 CR-fed rabbits the adipocytes in distal MAT depots (tibia, radius, ulna) tended to be larger than those in 300 proximal MAT (femur, humerus) ( Fig. 2F ). For further comparison, we also analyzed adipocyte sizes in 301 WAT. In contrast to RM or MAT, CR led to markedly decreased adipocyte size in iWAT, gWAT, and 302 pWAT ( Fig. 2G ; Supplemental Fig. 2I ). WAT adipocytes were also significantly larger than BM 303 adipocytes in control-fed rabbits, but not after CR ( Fig. 2G ). Thus, adipocyte size and responsiveness to 304 CR differs both between BM and WAT, and also across different MAT depots.
305
Together, these analyses of BM triacylglycerol content, adipocyte marker expression, and 306 adipocyte size demonstrate that in rabbits, moderate CR does not lead to MAT expansion.
308
Extensive CR in rabbits leads to BM adipocyte hypotrophy, suggesting loss of MAT 309 The lack of hyperadiponectinemia and MAT expansion during these moderate CR studies was 310 unexpected. Given that effects of CR are dependent upon the degree of restriction (47, 57, 58) , one 311 possibility is that that the extent of moderate CR was insufficient to drive hyperadiponectinemia or MAT 312 expansion. Another possible explanation relates to the fact that our above studies were in skeletally 313 mature rabbits, whereas previous research into CR-associated MAT expansion in mice has been done in 314 young, growing animals (2, 15). To address these possibilities, we next investigated the effects of more 315 extensive CR in a cohort of young, growing rabbits. As found above for moderate CR (Fig. 1 ), extensive 316 CR was associated with significantly decreased body mass, fat pad mass, and circulating leptin ( Fig. 3A -317 C); however, each of these changes was more pronounced than those that occurred during moderate CR 318 ( Fig. 1A-E ). Bone length was also markedly decreased with extensive CR (Fig. 3D ), consistent with 319 suppressed skeletal development observed in previous rabbit CR studies (59) . Thus, extensive CR was 320 associated with expected effects on body mass, peripheral adiposity, circulating leptin, and skeletal biology. However, as found for moderate CR, extensive CR did not affect total circulating adiponectin 322 ( Fig. 3E-F) . 323 We next assessed BM adiposity. Upon bisecting bones for MAT isolation we were struck by the 324 very dark appearance of BM in the extensive CR-fed rabbits ( Fig. 4A-B ), suggesting decreased BM 325 adiposity in these animals. Indeed, we were unable to isolate intact pieces of MAT from extensive CR-fed 326 rabbits, which prevented us from analyzing MAT adiponectin production in these animals. However, we 327 could isolate small pieces of less pure MAT from the radius and ulna, and from distal regions of the 328 humerus, femur, and tibia. Thus, to further assess effects of extensive CR on BM adiposity we analyzed 329 adipocyte size distribution in these MAT samples, and in RM obtained from humeri, femurs, and tibiae.
330
For comparison we also analyzed adipocyte sizes in WAT. We found that extensive CR led to consistent with the conclusion that extensive CR leads to MAT depletion. One notable exception was the 337 ulna, where CR did not affect adipocyte size (Supplemental Fig. 3H ). As noted for moderate CR (Fig. 338 2G), in extensive CR rabbits the distal MAT depots (tibia, radius, ulna) tended to have larger adipocytes 339 than more proximal depots (femur, humerus) ( Fig. 4C ). Differences in adipocyte size were even more 340 pronounced between BM and WAT, with gWAT, iWAT, and pWAT of control-fed rabbits having 341 significantly larger adipocytes than any of the RM or MAT depots ( Fig. 4C MAT expansion is not associated with hypoleptinemia during CR in female mice 347 The above findings demonstrate that hypoleptinemia per se is not sufficient to cause MAT expansion, at 348 least in rabbits. To determine the relevance of this finding to other species, we next investigated the 349 relationship between CR, leptin, and MAT expansion in mice. We fed male and female C57BL/6J mice a 350 control or 30% CR diet from 9-15 weeks of age and analyzed MAT, total adiposity, lean mass, and In the present study our original aim was to determine how CR affects adiponectin production by 386 MAT. However, in pursuing this goal we found, unexpectedly, that CR in rabbits does not lead to Unexpected effects of CR in rabbits 394 The lack of MAT expansion during moderate or extensive CR in rabbits was unexpected, because 395 increased BM adiposity during CR has been observed repeatedly in other species (18) (58), supporting the possibility that this contributes to MAT expansion; however, 464 IGF1 also decreases during CR in rabbits (87), and therefore this is unlikely to account for the differences 465 in MAT expansion observed between rabbits and mice. Moreover, CR in non-anorexic humans was 466 recently shown to decrease bone mass without affecting circulating IGF1 (88), demonstrating that 467 decreased IGF1 is not necessary for effects of CR on bone.
468
Our present findings suggest that the species-specific differences in MAT expansion may relate to 469 effects on circulating glucocorticoids. CR-induced increases in circulating glucocorticoids are well 470 established in rodents and humans, but only one prior study reports the lack of this response in rabbits 471 (61). Our observations therefore build on this work by further demonstrating that, unlike in other species,
472
circulating cortisol and corticosterone do not increase during CR in rabbits. Given that glucocorticoids 473 increase BM adiposity (11), our findings support the possibility that increased circulating glucocorticoids 474 are necessary for CR-associated MAT expansion. We are currently investigating this hypothesis further.
476
Depot-specific differences in MAT characteristics 477 Two previous studies report that adipocytes in pWAT are larger than those in femoral RM (14, 478 89), consistent with our present findings that BM adipocytes are smaller than those in WAT. However, 479 our study is the first to comprehensively compare BM adipocyte sizes across different skeletal sites. We 480 found that adipocytes in distal regions of the skeleton (tibia, radius, ulna) tend to be larger than those in 481 MAT from more proximal depots (femur, humerus). Responsiveness to CR also varies across these sites:
482
unlike adipocytes in more proximal BM regions, adipocytes in ulnal MAT undergo hypertrophy during 483 moderate CR and resist hypotrophy during extensive CR. This is consistent with an early study of 484 starvation in rabbits, which shows that BM adiposity decreases more in proximal bones (e.g. humeri
485
,femurs) than in distal regions (e.g. tibiae, radii, ulnae) (63). This is also consistent with our recent (rMAT) is interspersed within RM at proximal skeletal sites and is more responsive to external stimuli, 489 such as cold exposure (43). Our present analyses confirm and extend these observations by revealing that 490 CR-associated MAT expansion predominantly occurs within rMAT, while increases in cMAT are far less 491 pronounced ( Fig. 5A-B in MAT and circulating adiponectin are greater in females than in males. These observations further 515 support the concept that CR-associated hyperadiponectinemia is linked to MAT expansion. Our rabbit 516 studies also reveal that MAT leptin expression decreases during CR, a phenomenon well established in 517 WAT (44, 47) . In contrast, we find that CR does not increase adiponectin expression in MAT or WAT.
518
Our data also support the possibility that secretion of adiponectin is not increased, at least based on the iWAT -6 control, 1 CR; pWAT, 5 control, 1 CR. Because femur MAT for the CR group is from only two 869 rabbits, the SD of this group represents 0.7071 times the range of the two data points. Significant 870 differences are indicated as described for Figure 2G . Data for iWAT and pWAT are from only one CR 871 rabbit, and data for femur MAT are from only two CR rabbits; hence, ANOVA could not be used to 872 assess statistical significance for these samples owing to uncertainty over the normality of data rabbits were fed a control or 30% CR diet from 15 to 22 weeks of age, as described for Figure 1 and in the Materials and Methods. Body mass was measured weekly and is reported as mean ± SD of 5 control and 6 CR rabbits. Statistically significant differences between control and CRfed rabbits were determined by 2-way ANOVA. The average body mass of control rabbits did not significantly differ to that of CR-fed rabbits at each time point; however, body mass of CRfed rabbits was significantly lower at weeks 1-7 of CR than at baseline (week 0), whereas body mass of control-fed rabbits did not differ over the course of the study.
Supplemental Figure 2 -Effects of moderate CR on adipocyte sizes in BM and iWAT. RM,
MAT, and WAT were sampled from the indicated depots and processed for histological analysis.
Representative micrographs of H&E-stained sections of each tissue are shown. For each tissue, adipocyte sizes were quantified by histomorphometry. Corresponding graphs of adipocyte size distribution are shown, with the frequency of adipocytes within each size range presented as mean ± SD of the following number of rabbits: femur RM -5 control, 6 CR;
humerus RM -5 control, 6 CR; tibia RM -3 control, 5 CR; femur MAT -5 control, 5 CR;
humerus MAT -4 control, 6 CR; tibia MAT -5 control, 6 CR; radius MAT -5 control, 6 CR; ulna MAT -4 control, 6 CR; iWAT -5 control, 6 CR. Significant differences in median adipocyte size between control and CR rabbits are indicated as follows: * = P < 0.05; ** = P < 0.01; *** = P < 0.001.
Supplemental Figure 3 -Effects of extensive CR on adipocyte sizes in BM and gWAT.
Samples were processed and data are presented as described for Supplemental Figure 1 . For each tissue, data are presented as mean ± SD of the following numbers of rabbits: femur RM -6 control, 4 CR; humerus RM -5 control, 4 CR; tibia RM -5 control, 4 CR; femur MAT -4 control, 2 CR; humerus MAT -4 control, 4 CR; tibia MAT -6 control, 4 CR; radius MAT -5 control, 5 CR;
ulna MAT -6 control, 5 CR; gWAT -5 control, 3 CR. Because femur MAT for the CR group is from only two rabbits, the SD of this group represents 0.7071 times the range of the two data points. Significant differences in median adipocyte size between control and CR rabbits are indicated as described for Supplemental Figure 2 . Data for femoral MAT is from only two CR rabbits, and therefore ANOVA could not be used to assess statistical significance for these samples owing to uncertainty over the normality of data distribution.
Supplemental Figure 4 -Changes in body mass, body composition, tissue mass and
circulating adiponectin during CR in mice. Male and female C57BL/6J mice were fed ad libitum or a 30% CR diet from 9-15 weeks of age, as described for Figure 5. (A,B 
